One-and two-component ͑spin-orbit coupled͒ relativistic and nonrelativistic energy adjusted pseudopotentials and basis sets for the elements 111 and 112 are presented. Calculations on the positively charged monohydride of the recently discovered superheavy element 112 are reported. Electron correlation is treated at the multireference configuration interaction and coupled cluster level and fine structure effects are derived from a single-reference configuration interaction treatment. Relativistic effects decrease the ͑112͒H ϩ bond distance by 0.41 Å. This bond contraction is similar to the one calculated recently for ͑111͒H ͓Chem. Phys. Lett. 250, 461 ͑1996͔͒. As a result the bond distance of ͑112͒H ϩ ͑1.52 Å͒ is predicted to be smaller compared to those of the hydrides of the lighter congeners HgH ϩ ͑1.59 Å͒, CdH ϩ ͑1.60 Å͒ and similar to that of ZnH ϩ ͑1.52 Å͒. We predict that ͑112͒H ϩ is the most stable hydride in the Group 12 series due to relativistic effects. As in the case of ͑111͒H the relativistic increase of the stretching force constant is quite large, from 1.5 to 4.3 mdyn/Å at the coupled cluster level. The trend in the dipole polarizabilities of the Group 12 elements is discussed. Relativistic and electron correlation effects are nonadditive and due to the relativistic ns contraction ͑nϭ7 for 112͒, correlation effects out of the (nϪ1)d core are more important at the relativistic than the nonrelativistic level. We also show evidence that element 112 behaves like a typical transition element, and as a consequence the high oxidation state ϩ4 in element 112 might be accessible.
INTRODUCTION
With the recent production of elements of high nuclear charge ͑110, 111, and 112͒ 1,2 the fourth set of the transition metals is now complete. Experimental work has been carried out on elements up to nuclear charge Zϭ105 3, 4 and with the creation of an isotope of element 106 with a half-life of around 10 s, experimental work on even heavier elements should be achievable. [4] [5] [6] Figure 1 shows the stability of the most stable known isotopes up to Zϭ112. A comparison to earlier predicted isotope stabilities for nuclear fission and ␣-decay 8 shows that one can now be more optimistic 9 that isotopes of superheavy elements live long enough for chemical studies. Furthermore, one can expect that neutron enrichment in such elements may lead to isotopes of even larger half lives ͑earlier predictions of an isotope island of stability͒. 10 For example, the most neutron-rich isotope of element 112 known so far is 277 112 with a lifetime of only 0.4 ms. 2 For comparison, the ͑calculated͒ ␣-decay half-live of the neutron-rich element 290 110 is predicted to be approximately 400 years ͑see however the critical comments by Möller and Nix͒. 11 The synthesis of such neutron-rich elements, however, will remain a formidable task, even more so for the study of their chemical properties. In the meantime relativistic quantum theoretical methods provide the only way to predict accurately atomic or molecular properties of these superheavy elements. [12] [13] [14] [15] [16] [17] [18] It is well known that as the nuclear charge Z of an atom increases the influence of relativity also increases leading to relativistic changes in atomic and molecular properties which are often larger compared to electron correlation contributions. 19 Atomic Dirac-Fock ͑DF͒ calculations 20 indicate that this trend continues and therefore relativistic effects are expected to be extremely large for superheavy elements. Very large relativistic effects are expected for the elements 111 and 112 because of the well known ''group 11 maximum'' of relativistic effects. 21 In this context two questions are of particular interest: ͑i͒ How large are relativistic contributions and what effect will these have on periodic trends? 4, 6, 17, 19, 22 ͑ii͒ Are the available theoretical approximations sufficient for treating systems with such a large number of electrons and high nuclear charge? 23 In a recent paper Eliav et al. used Fock space coupled cluster calculations to the Dirac-Breit-Coulomb Hamiltonian to derive spectroscopic properties for element 112. 18 Similar to 111, 16 relativistic effects change the ground state configurations for the two ionized species ͑112͒ ϩ and ͑112͒ 2ϩ . 18 Fricke estimated that the most stable oxidation state of 112 would be ϩ2. 13 However, in two recent papers of Kaupp et al. 24 it was predicted that HgF 4 is a thermodynamically stable species in the unusual oxidation state ϩ4 of a͒ Author to whom correspondence should be addressed. Electronic mail: schwerd@ccu1.auckland.ac.nz mercury. Because of the large relativistic 7s contraction in element 112 the 6d and 7s orbitals overlap significantly ͑Fig. 2͒ and one might expect that high oxidation states may even be more accessible for this species. On the other hand, Pitzer suggested that element 112 is expected to be more inert than Hg, 14 thus the most stable oxidation state should be zero.
In this paper we present one-and two-component ͑spin-orbit coupled͒ relativistic and nonrelativistic pseudopotentials along with corresponding optimized basis sets for the elements 111 and 112. Results using the 111 pseudopotentials have already been published. 25 We also present calculations on ͑112͒H ϩ at the coupled cluster ͓CCSD͑T͔͒ and at the multireference configuration interaction ͑MRCI͒ level, as well as Mo "ller-Plesset calculations ͑second and higher orders͒ on the molecules ͑112͒H ϩ , ͑112͒F 2 , and ͑112͒F 4 . To our knowledge these are the first molecular ab initio calculations involving the recently discovered element 112.
PSEUDOPOTENTIALS AND BASIS SETS FOR ELEMENTS 111 AND 112
The technique developed by the Stuttgart group was used to adjust pseudopotentials and basis sets 26, 27 for the superheavy elements 111 and 112. The molecular valence Hamiltonian used is of the form ͑in a.u.͒ 26 HϭϪ 1
with a scalar semilocal pseudopotential for core ,
i and j are electron indices, and are core indices, Q is the charge of core ͑Q 111 ϭ19, Q 112 ϭ20, and for the allelectron cases Q H ϭ1, Q F ϭ9͒ and P l is the projection operator onto the Hilbert subspace of core with angular symmetry l. As in the case for the previously published pseudopotentials for the group 11 and group 12 elements, 28 the ns, np, nd, and (nϩ1)s electrons were placed in the valence space. The necessity to include the [6s6 p] space in the valence space can be seen from Fig. 2 . Both the 6s and 6p orbitals overlap considerably with the 6d and 7s orbitals ͑even more so in the nonrelativistic case͒. The parameters A lk and a lk are adjusted to the important valence spectrum of the corresponding atom by a least-squares fit procedure leading to energy-consistent pseudopotentials. The atomic data were derived from numerical nonrelativistic HartreeFock ͑HF͒ and relativistic Dirac-Fock ͑DF͒ calculations using the program packages MCHF and GRASP. 29, 30 In the relativistic case the Breit-interaction 31 is included by perturbation theory 29 and a two-parameter Fermi charge distribution with a nuclear extension of R 0 ϭ7.318ϫ10 Ϫ15 m for element 111 ͑R 0 ϭ7.336ϫ10 Ϫ15 m for element 112͒, and a thickness of tϭ5.234ϫ10 Ϫ16 m for both elements was used. 29, 32 The nuclear masses of element 111 and 112 were taken to be Aϭ272 and 275 amu, respectively. Test calculations yield quantum electrodynamic ͑QED͒ contributions such as the self-energy or the vacuum polarization 29 to the valence spectrum which are small compared to the error in the adjustment procedure and therefore, such effects were neglected. The total electronic energies calculated with program GRASP converged poorly as a function of the grid fineness. In order to obtain the required accuracy ͑5ϫ10 Ϫ5 a.u.͒ a very fine grid for the orbitals was necessary. The first grid point was placed at a distance of rϭ9.939ϫ10 Ϫ9 a.u. from the nucleus and the step size was chosen to be 8.844ϫ10 Note that we used only LS-or J-averaged states since we believe that this is sufficient for the adjustment of the pseudopotential. Moreover, it was necessary to use different sets of states for the nonrelativistic compared to the relativistic case because of the very different nature of the atomic spectra and because of convergence difficulties in some of the numerical calculations ͑especially for the calculations which include high angular momentum functions͒. As can be seen by comparison between the numerical all-electron and pseudopotential results, the error in the adjustment procedure is generally less than 0.1 eV. 33 The largest error for element 111 ͑element 112͒ is 56 meV ͑112 meV͒ in the relativistic case and 36 meV ͑166 meV͒ in the nonrelativistic case. The parameters for both the relativistic and the nonrelativistic pseudopotentials for elements 111 and 112 are tabulated in Table I .
For the spin-orbit coupled ͑SO͒ case we modified the pseudopotential to a two-component form 34 by adding a spin-orbit coupled operator to the potential shown in Eq. ͑2͒. Here, we adopt the definition of Pitzer and Winter
where the l i -s i is the scalar product between orbital angular momentum l i and spin vector s i operators of the electron i. The functional form of the operator representing the difference between the lϩ1/2 and lϪ1/2 and parts of the two component SO operator is similar to that of the onecomponent pseudopotential
͑4͒
The parameters ⌬B lk and ⌬b lk were adjusted to the fine structure splittings of three or four selected states, e.g., to the configurations d 9 , d 9 s 2 , and d 9 s 1 for the d projector of element 111. The inclusion of the Breit interaction was found to be important when SO splitting was considered. For instance, the DF splitting between the 6d 5/2 and 6d 3/2 levels of element 111 in the 6d 9 7s 2 configuration is 2.366 eV, while the DFϩBreit splitting is 2.296 eV, a difference of ⌬ Breit ϭ0.07 eV. From previous accurate coupled cluster calculations at the DFϩBreit level for element 111 ͑2.687 eV for DFϩBreitϩcorrelation͒ 16 we conclude that the Breit contribution is small compared to electron correlation effects. The ⌬B lk and ⌬b lk parameters are also listed in Table I .
The corresponding valence basis sets consisting of s, p, and d functions were optimized for each pseudopotential by minimizing the total pseudopotential HF energy of the atom. In addition, a set of four f -functions was added to each basis set, the exponents were optimised by minimizing the energy at the second-order Mo "ller-Plesset ͑MP2͒ level. The final basis sets obtained were [10s8 p8d4 f /9s7 p7d4 f ] at the relativistic and [11s9p8d4 f /10s8 p7d4 f ] at the nonrelativistic level for element 111, [11s8 p8d4 f /10s7p7d4 f ] at the relativistic and [11s8p8d4 f /10s8 p7d4 f ] at the nonrelativistic level for element 112. The contraction coefficients and exponents for these basis sets are listed in Table II. For later discussions on relativistic effects in molecular properties of superheavy element 112 it is useful to compare the ͗r͘ expectation values for the outermost orbitals of the atom. Both the 6s and 7s orbitals contract due to relativistic effects, i.e., for the 6s orbital we calculate ͗r͘ NR ϭ1.177 a.u. and ͗r͘ R ϭ0.942 a.u., and for the 7s orbital ͗r͘ NR ϭ3.644 a.u. and ͗r͘ R ϭ2.499 a.u. The ͗r͘-expectation values roughly agree with the maxima of the one-particle densities shown in Fig. 2 . We note that the relativistic orbital contraction is much larger for the 7s orbital compared to the 6s orbital. Moreover, relativistic effects are much smaller for the 6s orbital of element 112 compared to its lighter congener Hg ͑͗r͘ NR ϭ2.677 a.u. and ͗r͘ R ϭ2.297 a.u.͒. Hence, shellstructure and shell-screening effects must play an important role in this mechanism which deserves further investigation ͑we note that the so-called ''Group 11 maximum'' of relativistic effects is shifted to Group 12 for the series of superheavy elements due to a change in configuration͒. We also note that because of the very large relativistic contraction of the 7s orbital ͑Fig. 2͒ the valence-s ͗r͘-expectation values of both elements 112 and Hg are similar which leads to the conclusion that the atoms of both elements are of similar size. As noted before, the relativistic valence-orbital contraction is due to the direct action of the relativistic perturbation operator upon the inner tail of the orbital rather than due to orthogonality effects. 19 16 This is evident from Scheme 1 which compares the nonrelativistic and relativistic orbital energies of element 112. As a result, we expect large 6d involvement in chemical bonding for both superheavy elements. 25 It is therefore of particular interest whether compounds in higher oxidation states like ϩ4 for 112, or ϩ5 and ϩ7 for 111 are thermodynamically stable or not. Scheme 1 also nicely demonstrates the near degeneracy between a J-averaged 6d and the 7s orbital levels.
Calculations on ͑112͒H ϩ were carried out using the pseudopotentials and basis sets described in the previous section. For H a [10s3p1d/8s3 p1d] basis of Huzinaga was used. 37 Potential energy curves were calculated at the HF, MP2, CCSD͑T͒, CASSCF, and MRCI levels of theory. 38 Polarizabilities for all group 12 elements 39 and for ͑112͒H ϩ were obtained by applying a finite electric field of Ϯ0.001 and Ϯ0.002 a.u. ͓along the intermolecular axis ͑␣ ʈ ͒ in the case of ͑112͒H ϩ ͔. Spin-orbit corrections, ⌬E SO , at the molecular level were derived from single-reference spin-orbit configuration-interaction ͑CI͒ calculations using the code of and a ͑Jϭ3/2)/(Jϭ5/2͒ average over the two 2 D states gives 1.88 eV and thus only ⌬Eϭ0.28 eV above the 2 S state; and even less at the ͑uncorrelated͒ DF level ͑⌬Eϭ0.01 eV͒. Therefore, single reference methods with a small CI expansion will not be suitable for calculating potential curves of molecules containing element 112, at least at longer bond distances. Hence, the potential energy curve of ͑112͒H ϩ was also investigated using a multireference CI procedure ͑MRCI͒ as implemented in the COLUMBUS suite of programs. 40 The reference space for the MRCI procedure was a CASSCF consisting of six electrons and six orbitals. The active electrons were those occupying the three energetically highest orbitals and the remaining active space was chosen as the three lowest virtual orbitals. The CI space included all single and double substitutions allowing excitations out of the 6d and 7s shells ͑the 6s and 6p shells were kept frozen because of computer time restrictions͒. The spin-orbit contribution at the molecular level is rather small, i.e., 0.20 eV at rϭ1.51 Å. The effect of spin-orbit coupling on the isolated ͑112͒ ϩ ion for calculating the dissociation energies was estimated from the ionization potential of neutral 112 at the DF level ͓IPϭE(112; 18 The J-averaged dissociation energies were obtained in a similar way, i.e., the dissociation limit of neutral 112 was chosen and finally corrected by our J-averaged DF ionization potentials or by the coupled-cluster ionization potentials of Eliav et al. 18 Calculations on ͑112͒F 2 and ͑112͒F 4 were carried out using a smaller basis set for element 112. For the HF and MP2 geometry optimizations we used a basis (10s7 p6d)/ [9s6p5d] relativistic and (10s7 p7d)/[9s7p6d] nonrelativistic basis set for 112 and a generally contracted correlation consistent [5s4p2d] basis set for fluorine. 43 The singlepoint coupled cluster calculations were carried out at the optimized MP2 geometries using a smaller basis set but extended by a f function for element 112 44 ͑exponent 0.88 for the relativistic and 0.85 for the nonrelativistic case respectively͒, i.e., a (9s6 p6d1 f )/[7s4p5d1 f ] relativistic and (10s6p6d1 f )/[8s4p5d1 f ] nonrelativistic basis set for 112 and a generally contracted correlation consistent [4s3p1d] basis set for fluorine. 43 The importance of the f -function can be demonstrated by calculating, for example, the ͑112͒F 2 →112ϩF 2 reaction energy at the relativistic MP2 level, which is reduced by 35 kJ/mol upon inclusion of the f -function. The calculations on nonrelativistic ͑112͒F 4 turned out to be rather difficult because a virtual orbital of b 1g symmetry is low lying ͑Ϫ0.20 a.u., compare to ϩ0.002 a.u. at the relativistic HF bond distance͒. Hence, a multireference treatment for electron correlation is necessary to obtain accurate results for the nonrelativistic case ͑switching some of the highest occupied orbitals with the b 1g LUMO yields quite different HF total energies but very similar MP2 energies͒. Moreover, a geometry optimization at the singlereference MP2 level for nonrelativistic ͑112͒F 4 leads to bond distances larger than 5 Å thus suggesting that at this level ͑112͒F 4 is not stable. Therefore, we did not investigate the ͑112͒F 4 molecule at the nonrelativistic level in detail. We verified that the geometries optimized correspond to minima by performing frequency analyses at the nonrelativistic and relativistic HF level.
MOLECULAR CALCULATIONS
The calculated properties of ͑112͒H ϩ are summarized in Table III . Since ͑112͒H ϩ is isoelectronic with ͑111͒H similarities in their molecular properties are expected. Scalar relativistic effects are very large for both molecules ͑cf. Table IV and Ref. 25͒. The relativistic bond-length contraction is about 0.4 Å and the force constant of ͑112͒H ϩ increases nearly threefold when relativity is included. This is evident from the very large relativistic 7s contraction ͑Fig. 2͒ as discussed in the previous section. Figure 3 shows a comparison between the different bond lengths along the positively charged Group 12 element hydrides. Larger basis sets might even lead to a smaller bond distance than the coupled cluster value shown in Table IV ϩ ͒Ͼ4.0 eV ͓we assume that larger basis sets and a more sophisticated CI procedure will increase our best coupled cluster result for D e ͑112H ϩ ͔͒. We also note that spin-orbit effects are most important for the dissociation energy ͑due to the atomic correction͒, but less important for the other molecular properties shown in Table IV . This effect of spin-orbit quenching is well known. 19 Relativistic ͑112͒H ϩ is a much less polarizable molecule than its nonrelativistic counterpart ͑⌬ R ␣ ʈ ϭ23.4 a.u.͒, a consequence of the smaller size of relativistic 112. This can be understood from the atomic polarizabilities which are listed in Table V and discussed separately below. As in ͑111͒H, the effect of electron correlation on molecular properties are usually small compared to relativistic effects. We note that ͑112͒H ϩ is the most stable hydride in the Group 12 series of hydrides MH ϩ , hence at least for this compounds there is no evidence that element 112 is more inert than its lighter congeners compared with the freeatom reference state.
The results of our HF and MP2 calculations for the molecules ͑112͒F 2 ͑linear arrangement͒ and ͑112͒F 4 ͑square planar arrangement͒ are shown in Table VI . As mentioned above, the nonrelativistic orbitals of ͑112͒F 4 contain one very low lying virtual orbital of b 1g symmetry belonging mainly to fluorine atomic p-orbitals thus making a singlereference treatment impossible. This indicates that the addition of two electrons might be preferred to form ͑112͒F 4 2Ϫ , i.e., the nonrelativistic level element 112 adopts the oxidation state ϩ2 instead of ϩ4. At the relativistic level, however, ͑112͒F 4 is stable towards decomposition into ͑112͒F 2 and F 2 by 46 kJ/mol at the CCSD level ͑zero-point vibrational energy corrections can be neglected compared to error in the approximation used͒. Hence we conclude that the possible stability of oxidation state ϩ4 for element 112 is a relativistic effect thus similar to the findings of Kaupp and von Schnering for mercury. 24 Relativistic effects are very dominant in the decomposition reaction of element 112 in the oxidation state ϩ2, i.e., ͑112͒F 2 →112ϩF 2 is not favored thermodynamically at both the relativistic and nonrelativistic level of theory, but the oxidation state ϩ2 is clearly destabilized by relativistic effects ͓by about ϳ300 kJ/mol at the CCSD͑T͒ level͔. This is in accordance with the prediction of Fricke 13 and Pitzer 14 that element 112 is expected to be more inert compared to the compounds of its congeners. Bond distances r e in Å, force constants k e in mdyn/Å, dissociation energies D e in eV ͑not corrected for zero-point vibrational energy͒, parallel dipole polarizabilities ␣ ʈ in atomic units, harmonic vibrational frequency, and anharmonicity in cm Ϫ1 . Abbreviations used: NR nonrelativistic, R spin-orbit averaged relativistic, SO spin-orbit coupled, HF Hartree-Fock, CCSD͑T͒ coupled-cluster singles and doubles treating triple contributions perturbatively, MRCI multireference configuration interaction.
In contrast to typical mercury compounds, 45 element 112 shows significant d-contributions, Table III . A comparison between the relativistic and nonrelativistic orbital populations shows that this is due to relativistic effects, i.e., compare to the results given for HgF 2 in Table III . Mulliken's definition of the electronegativity suggests that element 112 should be more electronegative compared to its lighter congeners because of the relativistic increase of the ionization potential ͑the electron affinity, if nonzero, would be negligible compared to the large ionization potential͒, i.e., we have for first ionization potentials ͑in eV͒ 9.391 for Zn, 8.991 for Cd, 10.430 for Hg, and 11.970 for element 112 ͑Fig. 4͒. This is indeed the case for HgH ϩ , i.e., the gross atomic charge for 112 decreases because of relativistic effects. This is mainly due to the large increase in the 7s-population. We note, however, that this effect is balanced by the 6d participation in the metal-hydrogen bond. A comparison between ͑112͒F 2 and HgF 2 shows that the different nature of the valence s-orbitals, i.e., due to relativistic effects the 7s population increases by 1.1 in the case of element 112 compared to a relativistic increase of 0.4 in the case of Hg.
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ATOMIC DIPOLE POLARIZABILITIES
Dipole polarizabilities play an important role in the discussion of van der Waals interaction. For example, the dissociation energy of Cd 2 is 0.08 eV 46 and larger compared to that of Hg 2 with 0.04 eV. 48 This is in accordance with the calculated dipole polarizabilities listed in Table V , i.e., ␣ D ͑Cd͒ϭ46 a.u.Ͼ␣ D ͑Hg͒ϭ34 a.u., and may be interpreted in terms of the London or Slater-Kirkwood formula. 44 The relativistic effects in the Group 12 element dipole polarizabilities Zn, Cd, and Hg have been discussed before by Desclaux et al. 49 or Sin Fai Lam. 50 It may be tempting to explain the major part of the difference in stability between Cd 2 and Hg 2 in terms of large relativistic effects in the dipole polarizability of Hg ͓⌬ R ␣ D ϭ␣ D ͑R͒Ϫ␣ D ͑NR͒ϭϪ23.4 a.u. at the CCSD͑T͒ level͔, however, in a recent coupled cluster study of Hg 2 is was found that relativistic effects in the Hg 2 dissociation energy are small. 44 Nevertheless, relativistic effects in the dipole polarizability of element 112 are very large ͓⌬ R ␣ D ϭϪ48.8 a.u. at the CCSD͑T͒ level͔, thus predicting an increased inertness of element 112 again in accordance with Figure 4 shows a comparison between the nonrelativistic and relativistic coupled cluster ionization potentials and dipole polarizabilities of all Group 12 elements. The increased importance of relativistic effects for the heavier elements is evident. A comparison with the only available experimental value for the dipole polarizabilities of Cd and Hg 47 shows that the CCSD͑T͒ results are in good agreement ͑for the dipole polarizability of Cd there is a rather large experimental error bar͒. This gives confidence in the predicted dipole polarizability for Zn ͑38 a.u.͒. Note that previous predictions by other authors using Hartree-Fock, density-functional or empirical relations differ substantially from each other [49] [50] [51] [52] [53] 53 This close agreement demonstrates that accurately adjusted small-core pseudopotentials yield reliable properties comparable to all-electron results.
The evident correlation between ionization potentials IP ͑␣ D ϳIP Ϫ2 ͒ and dipole polarizabilities ␣ D has been discussed in an earlier paper by one of us using the oscillator strength formula. Fricke also noted a direct correlation between these two properties. 54 Nevertheless, both relations predict that when the ionization potential increases the dipole polarizability should decrease and vice versa. This is indeed the case as can be seen from Fig. 4 . Moreover, the relation ␣ D ϳIP Ϫ2 explains nicely the large relativistic effects in ␣ D which is expected to behave quadratically compared to the ionization potential. 55 The different relativistic and electron correlation contributions are shown in Fig. 5 . The analysis used is similar to the one previously published. 55 We use the following definition:
describes the nonadditivity of relativistic and correlation effects, i.e., relativistic effects will be different if they are added first at the nonrelativistic HF level ͓second part in Eq. ͑5͔͒ or later at the correlated stage ͓third part of Eq. ͑5͔͒. Similarly, correlation effects will differ if they are added at the relativistic HF level or earlier at the nonrelativistic HF level. The differences are due to cross-terms in a double-perturbation theory including relativistic and electron correlation terms ͑see also the discussion in Ref. 53͒. Figure  5 shows that relativistic effects are significantly larger at the HF level compared to the coupled cluster level. In fact, the statement that relativistic effects are much larger compared to correlation effects for element 112 is only valid for the second part of Eq. ͑5͒ ͓⌬ R ͑NRHF͒ӷ⌬ C ͑RHF͔͒ since ⌬ C ͑NRHF͒Ϸ⌬ R ͑NRCI͒, see Fig. 5 . Concerning correlation effects we note that MP2 may not be a very accurate method for the calculation of dipole polarizabilities ͑Table V͒ and at least Mo "ller-Plesset at third order should be applied. Another factor is the importance of core-valence correlation ͓mainly coming from the energetically lower (nϪ1)d core͔, which can be estimated by comparison with CISD calculations allowing electron correlation from the ns 2 valence space only ͑in this case equivalent to full CI for the two valence electrons͒. The data are listed as valence-only CISD calculations in Table V . The factor f in Table V is the ratio between the valence correlation and the ͑approximated͒ core- valence contribution. As expected, relativistic effects significantly increase the amount of core-valence correlation relative to valence-only correlation. A similar analysis has been given recently by Kellö and Sadlej for Zn, Cd, and Hg. 53 We also note that even at the nonrelativistic level core-valence correlation is important for all Group 12 elements.
SUMMARY
Nonrelativistic and relativistic one-and two-component energy-adjusted pseudopotentials for elements 111 and 112 have been derived. Medium sized valence basis sets for these pseudopotentials have been presented. Calculations on ͑112͒H ϩ at a relatively high level of electron correlation were carried out. The results obtained demonstrate the large size of relativistic effects in the chemistry of element 112 similar to the ones calculated for ͑111͒H. 25 We predict that the oxidation state ϩ4 for 112 is accessible and that 112 behaves like a transition element with large metal(d) involvement in the bonding. In this context it will be interesting if the chloride ͑112͒Cl 4 is stable since we expect that this compound is rather volatile and may be prepared along the same routes compared to ͑104͒Cl 4 . 4, 56 We also like to mention that if we consider the 6s 2 -electrons as ''inert'' ͑112͒Cl 4 is isoelectronic to PtCl 4 , a well-known compound. 57 Note added in proof. With the recent upgrade of our supercomputer we were able to perform relativistic coupledcluster calculations applying larger basis sets for ͑112͒F 2 and ͑112͒F 4 . The basis sets used are (10s7 p6d2 f )/ [9s6p5d2 f ] for element 112 and a generally contracted correlation consistent [5s4 p2d] basis set for fluorine. 43 The optimized ͑112͒-F bond distances at the relativistic CCSD͑T͒ level were ͑SO-corrected values are set in parentheses͒ 1.912 Å ͑1.892 Å͒ for ͑112͒F 2 and 1.915 Å ͑1.899 Å͒ for ͑112͒F 4 . The calculated ⌬U 0 value for the ͑112͒F 4 →͑112͒F 2 ϩF 2 decomposition is 95.0 kJ/mol ͑129.5 kJ/mol including SO coupling͒, and 250.1 kJ/mol for the ͑112͒F 2 →112ϩF 2 decomposition at the CCSD͑T͒ level of theory. These results strongly suggest that element 112 is stable in the high oxidation state ϩ4.
